Experimental results and analysis among different hydrate research groups are very often not transplantable, partly due to the intrinsic stochastic nature of hydrate formation, partly due to different experimental conditions, gas compositions and analyzing techniques used or applied. In the present work the effect of the molar liquid water-gas ratio (γ m ) on both nucleation and growth of methane hydrate has been examined. Structure I methane hydrates were formed under isochoric conditions in stirred cell during constant cooling, and the point of spontaneous nucleation (PSN) was recorded. The results show that change of γ m gave no significant effect on average induction time, average nucleation rate or average sub-cooling at PSN. Nevertheless, nucleation behaved more stochastic when the volume fraction of water and γ m increased. Moderate γ m values that were closer to the theoretical hydration number (5.9 to 6 at the experimental conditions) could achieve larger total gas consumption and higher hydrate formation rate. "Imbalanced" γ m values (either highly water-excess or highly gas-excess) may however lead to smoother behavior of crystal growth.
INTRODUCTION
Clathrate compounds of natural gas with liquid water or ice have drawn continuous interest in both academia and industry for centuries. Research of different levels and varying scales has been carried out and presented with gradually increasing focus on the kinetics of hydrate formation instead of thermodynamic properties [1] [2] . Seeing hydrate formation as a continuous crystallization process which consists of nucleation and growth, there have been studies on nucleation phenomena and the induction period [3] [4] . Based on lab scale research, mass and heat transfer models during crystal growth have been established [5] [6] [7] .
With theoretical assistance from phase-field theory [8] some researchers argue that the chemical diffusion of gas into liquid phase is the rate determining process during hydrate formation and growth. A large quantity of modeling work has been carried out and published to help gain further insights of hydrate formation kinetics [9] [10] . Previous research on hydrate nucleation has in general reached the same conclusion that compared to hydrate growth, nucleation is a stochastic process. As has been pointed out in the literature [11] , "Stochastic Nucleation" has very rich meanings: not only the number of nuclei formed in a saturated solution within a certain period of time is stochastic, but when the first nuclei is going to appear is unpredictable, and when clusters of nuclei could surpass a critical size and manage to start spontaneous growth is also a random process. Hydrate growth, the stage after nucleation with auto-catalytic growing nuclei in the bulk phase, has more regular and predictable behavior.
There are many experimental factors that may influence hydrate formation process. Among these factors, for example, scientists have examined gas composition, constant or varying pressuretemperature profile, varying experimental procedure and conditions, thermodynamic and/or kinetic inhibitors present, and so on. Considering a simplest and most representative scenario, a gas hydrate formation as a transition process from two phase (gas and water) to three phase (gas, water, and hydrate) in a closed system with fixed total mass, it is natural to raise question: Could the relative molar ratios between co-existing phases present in the reaction system have an effect on the nucleation and growth processes? Studies [12] have shown that, for instance, the already formed hydrates may present an "inhibiting effect" on the ongoing formation process, by preventing a sufficient contact between gas phase and the free water phase, even when continuous stirring is applied in the system. In the closed system such an effect from the solid hydrate phase could slow down or even stop hydrate formation before a thermodynamic equilibrium pressure could be reached. Concerning this observation, it could be reasonable to pose the following question: Could a varying molar ratio of initial free water and gas in a stirred, constant volume reactor have effect on both the hydrate nucleation and growth processes?
In the present work, effects of varying initial liquid water-gas mass ratio on structure-I methane hydrate formation has been examined in an isochoric cell.
EXPERIMENTAL METHODS
A lab-scale isochoric high pressure titanium cell with an inner volume of 145 ml was used to study the effect of the molar liquid water-gas ratio (γ m = n w /n g ) on methane hydrate nucleation and growth. Methane gas of scientific grade 5.5 (purity 99.9995%) was used as hydrate forming gas together with distilled water (DIW). Real-time temperature and pressure was monitored by sensors, exposed directly to the inner part of the cell where the hydrate formation process took place.
10 ml, 20 ml, 50 ml, and 100 ml initial volume of DIW were chosen for separate methane hydrate nucleation and growth experiments. The volume of methane gas was then 135 ml, 125 ml, 90 ml and 45 ml correspondingly in the isochoric cell. At initial PT condition of 90.5 bar and 14.1 °C these four sets represent initial molar liquid watermethane gas ratios of 0.90, 1.94, 6.41 and 27.71 respectively. Considering a stoichiometric molar ratio of 5.75 for methane hydrate, we see that the 10 ml, 20 ml DIW experiments were gas-excess, 50 ml DIW experiment was close to theoretical value while 100 ml DIW experiment was waterexcess. A total number of 10 experiments were conducted at each γ m ratio.
A fixed stirring rate of 660 rpm and a fixed cooling rate of 6 °C/h were applied in all hydrate nucleation and growth experiments conducted. More details of the effects of varying stirring rates and cooling rates on methane hydrate formation is given by Ke et al. [13] , in other paper presented at ICGH 2011. All experiments were started at fixed initial pressure of around 90.5 bar and a fixed initial temperature of around 14.1 °C. Methane hydrate equilibrium curve was obtained from literature [14] . A more detailed description of experimental setup and experimental procedure is given by Ke et al. [15] , in other paper presented at ICGH 2011.
RESULTS

Hydrate Nucleation
Measured effects of molar liquid water-gas ratios on induction time and subcooling at point of spontaneous methane hydrate nucleation (PSN) are given in Table 1. The Table shows At constant cooling rate, dT/dt (6 o C/h), induction time t i is linearly related to the degree of subcooling, ∆T, as given by equation (1):
(1) Figure 1 shows average degree of subcooling ± SD (standard deviation) at the different molar liquid water-gas ratios (γ m ) examined. There are different methods to obtain and describe hydrate nucleation rate. A simple method like realtime nuclei counting with help of a camera [16] is not applicable in our non transparent cell. Thus we have used the first sign of gas consumption by incipient hydrate formation to detect PSN (point of spontaneous nucleation). We also use temperature responses to confirm PSN. As described in other paper by Ke et al. [15] , we have used the model by Kashchiev et al. [17] for calculating timedependent average nucleation rate, J (m -3 s -1 ), in the present work. According to Kaschiev et al. the nucleation rate in continuously cooled systems can be expressed by:
where T e and ∆T refer to the equilibrium temperature and time dependent degree of subcooling at the PSN pressure, respectively. ∆T/T e is a relative degree of subcooling. Equation (2) ), and a dimensionless thermodynamic parameter, b. We have explained the feasibility of applying equation (2) with a further explanation on use of parameters K J and b in another paper presented at ICGH 2011 [15] . Based on Equation (2), the average nucleation rate at the different values of γ m examined, was calculated along the cooling process for the last 10 minutes prior to PSN (start of spontaneous growth), as shown in Figure 2 . In this figure the time elapsed before hydrate onset was negative since the onset point was defined as time zero for the process. For the analysis the kinetic factor K J and the thermodynamic parameter b in equation (2) were set to be 1.00E+21 m -3 s -1 and 0.38 for cubic nuclei respectively. The value of K J was suggested by Kaschiev et al. [17] for systems with heterogeneous nucleation (HEN) as in our case.
As seen from the nucleation rates in Figure 2 , γ m had no significant effect on the average nucleation rate and all numbers are close to 1 . 10 21 (differences less than 0.008 %). Kashchiev's model as described by Equation (2) would give more or less a constant nucleation rate as indicated by its kinetic parameter K J (1.00E+21m -3 s -1 ) when degree of subcooling is within a small magnitude (∆T < 5 °C).
As shown in Table 1 and Figure 1 , both the induction time and degree of subcooling at all water volumes and all values of γ m were of the same magnitude. However, the standard deviation was doubled when the water volume was increased to 50 ml as compared to 10 ml and 20 ml. The standard deviation for the 100 ml water experiments further increased to 3.5 times as compared to the experiments with 10 and 20 ml. This revealed a clear trend that increased molar liquid water-gas ratio (γ m ) gave a more stochastic nucleation process. Since the average and SD were based on 10 experiments at each γ m , the trend was assumed significant.
In more common heterogeneous nucleation (HEN), as in our work, nucleation rate J is normally controlled by impurities or surfaces present in the bulk liquid phase or equipment surfaces in contact with the bulk phase. An extra particle could offer an extra surface to promote nucleation by reducing the threshold value of interfacial energy. Though HEN needs to conquer a higher ∆G barrier as compared to HON (homogeneous nucleation), the critical size for realizing spontaneous crystal growth would be smaller [18] . We have assumed a constant concentration of impurity particles in our DIW during all experiments. When the total volume of the bulk liquid phase (and γ m ) increases, the space available for the continuous agglomeration and dissociation of methane hydrate nuclei would be increased and the occurrence of PSN to initiate spontaneous growth stage might then be more random. If we divide hydrate formation process into inter-related elementary reaction steps as proposed by Lekvam and Ruoff [19] , the rate limiting step for nucleation could be the slow, uncatalyzed formation of hydrate from oligomeric precursor structures. Though rate constants for precursor formation and transformation into hydrates are not clear functions of γ m , any change in the probability level for both precursors and initially formed hydrate crystals to trigger the autocatalytic and catastrophic hydrate growth may result in small response changes, as shown in Table 1 and Figure 1 .
Hydrate Growth
Growth behavior during the first 10 min after hydrate onset was analyzed and results are presented in Tables 2 and 3 and in Figures 3 to 6 . The real gas equation PV = znRT, a hydration number of 5.9 [20] [21] and a compressibility factor z of 0.830 were used to calculate the amount of gas present (in mol) or the amount of gas consumed per time unit (in mol/min) during the first 10 minutes after PSN. The compressibility factor z was obtained by use of the AGA8 program. The pressure drop over the first 10 minutes of the growth process was relatively moderate (less than 10 bar) for water experiments of all examined molar liquid water-gas ratios and effect of changes in compressibility factor could be neglected (1.5 % or less). This is assumed to be within a reasonable accuracy for comparisons made in the present work.
As some research groups have pointed out, an increase of degree of subcooling would lead to increasing hydrate growth rate [22] [23] . To compare growth rates at the various values γ m examined we therefore selected experiments with comparable T values at PSN for our calculations. At 10 ml, 20 ml, 50 ml and 100 ml growth experiment selected, ∆T was 3.74 °C, 3.83 °C, 3.71 °C and 3.73 °C respectively at PSN with no dramatic changes during the following 10 min period of analysis. At these very close ∆T values we assumed that potential effect of subcooling on the growth were minimized and thus could be neglected.
Growth results of examined water-gas ratios, γ m , are given in Table 2 . Results of growth experiments with varying molar liquid water -gas ratio, γ m , within the first 10 min after hydrate onset. Figures 3 and 4 show time-dependent gas consumption (in mol) and gas consumption rate (in mol/min) at the different molar water-gas ratios applied respectively. A pseudo-steady-state approximation was made, assuming that at any time the rate of gas consumed by growing hydrate equals the rate of gas consumed from the gas phase. For simplicity, the gas consumption rate as calculated by change in moles of gas with time (mol/min) was equivalently taken as hydrate growth rate in this work. Figures 5 and 6 below show the total gas intake (mol) and the initial and average growth rate (mol/min) in columns respectively. Figure 5 . Total gas intake at varying molar watergas ratios during the first 10 min after PSN. Figure 6 . Initial (blue) and average (green) gas consumption rate at varying water-gas ratios during the first 10 min after PSN.
A more detailed water-gas conversion factsheet within the first 10 min after hydrate onset is summarized in Table 3 . Table 3 . Water-gas conversion and hydrate formation factsheet. Figure 7 shows the variation of real time molar liquid water-gas ratio (γ m ) throughout the 10 min period of growth analysis after PSN. Figure 7 . Variation of molar liquid water-gas ratio with time during the first 10 min after PSN.
From Table 3 we see that γ m is slightly decreasing for the 10 and 20 ml water experiments while γ m is slightly increasing for the 50 and 100 ml experiments over the 10 minutes period of analysis. All hydrate forming experiments remained at a fairly constant water-gas molar ratio over the period of analysis. The conditions were maintained as either water excess (100 ml DIW experiment) or gas excess (10 ml and 20 ml DIW experiment) or close to stoichiometric (50 ml DIW experiment) throughout the 10 min period of growth analysis. The relatively small variations in γ m over the period of analysis helped make a fair comparison of growth results. Similarly, the Ts at PSN in all growth experiments were of similar magnitude, as mentioned previously (from 3.71 to 3.83 °C).
From Tables 2 and 3 , and Figures 3 to 6 , growth results of all examined molar liquid water-gas ratios could be divided into two groups:
 Group 1: The most gas excess (10 ml DIW experiment, initial γ m = 0.90) and most water excess (100 ml DIW experiment, initial γ m = 27.71). Compared to Group 1, Group 2 showed both larger total gas consumption and higher hydrate formation rate. The 50 ml DIW growth experiment where γ m was closest to theoretic hydration number of 5.9 to 6, achieved highest total gas consumption and highest growth rate (both initial and average).
In Figure 3 and Figure 4 , we see that experiments in Group 1 showed less gas consumption and lower growth rate. In addition the growth rate for the Group 1 experiments showed less fluctuation over the period of analysis as compared to experiments in Group 2. Previous studies have reported that the overall hydrate growth rate could be a linearly, decreasing function of time, given that mass transport is smooth for hydrate formation [24] . In our case this is apparently true for the Group 1 condition. A very "unbalanced" molar liquid water-gas ratio could possibly retard the water and methane gas transport to reaction sites and thus force the system to behave in a smoother manner. Efficiency of reducing heat transfer resistance could be another factor affecting the hydrate growth behavior [16, 21] . However in our case, with sufficient continuous cooling and stirring, it is assumed that heat dissipation had already been optimized to reduce / minimize all heat transfer resistance that could retard methane hydrate growth.
Last but not least, the total methane gas consumption by mol percent was 3.60%, 5.59%, 7.45% and 10.14% for the 10, 20, 50 and 100 ml water experiments respectively. Similarly, the total liquid water consumption was 23.6%, 17.0%, 6.87% and 2.16% for the 10, 20, 50 and 100 ml water experiments respectively (dissolved methane gas in the liquid phase was neglected in this analysis due to its low solubility in water). Even an optimized γ m could be found to have maximum water and gas conversion into hydrates, complete conversion is not obtainable. A possible reason for that is part of residual free water molecules could always be wedged between formed hydrate crystals [25] .
CONCLUSIONS
Experimental study on effect of molar liquid water-gas ratio (γ m ) on methane hydrate nucleation and growth has been performed in a lab scale isochoric cell. Results have shown that an increase of γ m from 0.90 to 27.71 covering both gas-excess and water-excess region had no effect on average nucleation rate, when degree of subcooling was kept in a relatively small range ((∆T < 5 °C). Nevertheless, increasing γ m made the nucleation process more stochastic. Moderate γ m values closer to a theoretical hydration number of 5.9 to 6 gave larger total gas consumption and higher hydrate formation rate as compared to the extremities of highly gas excess or water excess. A complete water or gas conversion into solid hydrates is commonly not obtained, partly because there always would be free water molecules wedged and captured between formed hydrate crystals that prevent exposure to and contact with the hydrate forming gas.
